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Abstract
In this study we use comprehensive vehicle
emission remote sensing measurements of over
230,000 passenger cars to estimate total UK am-
monia (NH3) emissions. Estimates are made
using ‘top-down’ and ‘bottom-up’ methods that
demonstrates good agreement to within 1.1% for
total fuel consumed or CO2 emitted. A central
component of this study is the comprehensive
nature of the bottom-up emission estimates that
combines highly detailed remote sensing emis-
sion data with over 4,000 km of 1-Hz real driving
data. Total annual UK NH3 emissions from gaso-
line passenger cars is estimated to be 7.8 ± 0.3
kt from the ‘bottom-up’ estimate compared with
3.0 ± 1.7 kt reported by the UK national inven-
tory. An important conclusion from the analysis
is that both methodologies confirm that gasoline
passenger car NH3 emissions are underestimated
by a factor of about 2.6 compared with the 2018
UK National Atmospheric Emissions Inventory.
Furthermore, we find that inventory estimates
of urban emissions of NH3 for passenger cars are
underestimated by a factor of 17.
Introduction
Ammonia (NH3) emissions contribute signifi-
cantly to the formation of fine particulate matter
(PM2.5) in the atmosphere and nitrogen deposi-
tion in ecosystems. This means that NH3 plays
a central role in the impact of air pollution on
human health and the environment, and efforts
to better understand and control NH3 emissions
are essential. Gaseous NH3 is relatively short-
lived in the atmosphere; it is either deposited
back to terrestrial surfaces by dry deposition
or it reacts rapidly with acidic pollutants (e.g.
nitric and sulphuric acid) to form compounds
such as ammonium nitrate and ammonium sul-
phate.1 Particulate ammonium (NH4+) persists
for longer in the atmosphere and can be trans-
ported long distances (several hundred km) be-
fore being deposited, primarily by rain or snow
as wet deposition.2 Therefore the deposition of
NH3 and NH4+ has impacts on both local and
international (transboundary) scales and is con-
sidered a main contributor to the widespread
exceedance of critical loads for eutrophication
and reduction of plant biodiversity.
In 2019, the UK government released its Clean
Air Strategy, which sets out the actions needed
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to tackle air pollution and reduce the impact on
human health and the environment.3 This strat-
egy recognises the important role emissions of
NH3 play and the actions needed to reduce agri-
cultural NH3 emissions are covered extensively.
In 2018, agricultural activities were estimated
to contribute to 84% of total UK NH3 emis-
sions.4 However, there are additional sources of
NH3 aside from agriculture, including emissions
from road vehicles. Vehicular NH3 emissions
are co-emitted with nitrogen oxides (NOx) and
may have a more effective pathway to particle
formation in urban environments, compared to
NH3 from agricultural activities which tends to
be emitted in rural, low-NOx regions. Recent re-
search suggests that emissions of vehicular NH3
and NOx can lead to transient, inhomogeneous
conditions in urban environments, whereby the
gas-to-particle ammonium nitrate system is out
of equilibrium and gas-phase supersaturations
are sustained. This process can drive the rapid
growth of new particles, enabling newly formed
particles to survive scavenging losses in highly
polluted environments.5 The enhanced pathway
to particle formation is also supported by a
15N isotope study which showed that fossil fuel
combustion-related activities dominated atmo-
spheric NH3 sources during severe haze episodes
in urban Beijing, China.6
There are two main sources of NH3 emissions
from road vehicles — catalyst-equipped gaso-
line vehicles, and light and heavy-duty diesel
vehicles that rely on selective catalytic reduc-
tion (SCR). In both cases, NH3 is not released
directly from the internal combustion engine,
instead it is formed as an unintended conse-
quence of the technologies introduced to reduce
NOx emissions. In Europe, three-way catalysts
(TWCs) first came into force for gasoline vehi-
cles in 1993 with the introduction of the Euro
1 emissions standard7 and operate by simulta-
neously oxidising carbon monoxide (CO) and
unburnt hydrocarbons (HCs) to CO2 and water
while reducing NOx to nitrogen gas. Ammonia
formation can occur in the TWC as a result of
the reduction of nitric oxide (NO) by hydrogen
(H2),8 which is generated from CO and H2O via
the water-gas-shift reaction or from hydrocar-
bons via steam reforming.9,10 The generation of
H2 is favoured under fuel-rich conditions, and
may remain stored on the catalyst, available for
the reduction of subsequent NO emissions. SCR
is a diesel vehicle after-treatment system aimed
at reducing NOx emissions by reacting NO and
NO2 with NH3 on a catalyst surface. The NH3
comes from the injection of urea, which must be
carefully managed; injection of excessive quan-
tities of NH3, low temperatures in the system,
and catalyst degradation are contributing fac-
tors that may lead to excess NH3 emissions,
commonly termed ‘ammonia slip’.8
Whilst emissions of NOx have been regulated
effectively in many countries, less attention has
been paid to NH3 and the reduction in emissions
has been slow or insignificant. This is in part
due to lack of regulation; with the exception
of the Euro VI standard on heavy duty diesel
vehicles, there are no vehicle emission standards
to regulate NH3 worldwide.11 In the US, NH3 is
rapidly becoming the most dominant reactive
nitrogen compound emitted from many newer
vehicles, due to the growing efficiency of TWCs
to reduce NOx emissions and the introduction
of SCR.12
Global NH3 emissions from the transporta-
tion sector are thought to be highly underesti-
mated.13 Sun et al. (2017) used mobile labora-
tory observations to derive NH3 emissions from
US vehicles and found that emissions were more
than twice those of the National Emission In-
ventory.14 The proportion of gasoline vehicles in
the fleet is lower in the UK and across Continen-
tal Europe compared to the US, therefore the
vehicular contribution to total NH3 is expected
to be lower. However, in Europe, the higher
proportion of light duty diesel vehicles and the
associated NOx emissions means that there are
potentially highly effective pathways to ammo-
nium nitrate and PM2.5 formation. In other
words, the sensitivity of particle formation and
nitrogen deposition to vehicle NH3 emissions
in Europe is theoretically very significant. Ac-
cording to the UK National Atmospheric Emis-
sions Inventory (NAEI), total NH3 emissions
from road transport were estimated to be 4.4 kt
in 2018, accounting for 1.6% of total UK NH3
emissions.15 However, this estimate is based on
emission factors derived from a limited number
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of vehicles tested in the laboratory and until
recently there has been very few measurements
available for vehicular NH3 emissions under real-
world driving conditions.
To address the considerable lack of real-world
emissions data on NH3 from road vehicles, the
current work uses highly detailed and compre-
hensive vehicle emission remote sensing mea-
surements to derive new emission factors for
the passenger car fleet. An important aim of
the work is to develop both a ‘top-down’ and
‘bottom-up’ method to calculate UK total emis-
sions of CO2 and NH3 that can be compared
with the UK NAEI and fuel sales statistics. Of
most significance is the comprehensive approach
adopted to calculate bottom-up emission esti-
mates that combines both real driving emission
measurements and driving activity patterns to
address some of the common limitations of emis-
sions inventory development. The robustness of
the approaches developed are assessed by consid-
ering the total carbon / energy balance. Finally,
we provide new UK total NH3 estimates and




Two spectroscopic remote sensing (RS) instru-
ments were used to measure vehicle emissions:
the Fuel Efficiency Automobile Test (FEAT) in-
strument developed by the University of Denver
and the Opus AccuScan RSD 5000. The develop-
ment and operation of the FEAT instrument has
been described extensively in the literature.16
The instrument consists of a source and detector
aligned across a single lane road. The source is
a collinear beam of infrared (IR) and ultravio-
let (UV) light, which is separated into the IR
and UV components by a dichroic beam split-
ter when it enters the detector. There are four
non-dispersive IR detectors to measure CO (3.6
µm), CO2 (4.3 µm), hydrocarbons (HC, 3.4 µm)
and a background reference (3.9 µm). The UV
component passes through a quartz fibre bundle
to two separate UV spectrometers; one spec-
trometer measures SO2, NH3 and NO (200-226
nm) and the other measures NO2 (430–447 nm).
Unlike the FEAT instrument, the Opus RSD
5000 does not have a separate spectrometer for
the detection of NO2.
A measurement of the exhaust plume is trig-
gered each time a vehicle passes the instrument
setup. All species are quantified as a ratio to
CO2, to account for the large variation associ-
ated with the dilution and position of the vehi-
cle exhaust plume. The ratio of each species is
scaled according to certified gas cylinder ratios,
which are measured every few hours. This ac-
counts for variations in instrument sensitivity
and ambient CO2 levels, which are influenced
by local CO2 sources and atmospheric pressure.
Three calibration cylinders are used at each mea-
surement site containing (1) propane, NO, CO
and CO2 in N2, (2) NH3 and propane in N2, (3)
NO2 and CO2 in synthetic air. Full details of the
cylinder specifications for the FEAT and Opus
RSD 5000 can be found in Table S1. A measure-
ment of the vehicle speed and acceleration is
provided by speed bar lasers and a video camera
is used to photograph each vehicle registration
plate.
Vehicle emission remote sensing measurements
provide a direct measure of the molar volume
of a pollutant e.g. NH3 to CO2, from which
fuel-based emission factors in g kg−1 can read-
ily be derived. However, of more interest in
the current work are distance-based emission
factors in g km−1 that can be used to estimate
total UK emissions of NH3. The calculation of
g km−1 emissions from g kg−1 requires an esti-
mate of the fuel consumption of a vehicle at the
time it was measured, which is an issue that is
considered in more detail later.
Vehicle technical information
The vehicle registration plate images were digi-
tised and sent to a commercial supplier (CDL
Vehicle Information Services Limited) to obtain
technical information for each individual vehicle.
The information details physical characteristics
of the vehicle itself (e.g. engine size, fuel type)
as well as the Euro Standard and vehicle manu-
facture and registration dates. The information
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provided by CDL is retrieved from both data
collected by the Driver and Vehicle Licensing
Agency as well as data queried from the Soci-
ety of Motor Manufacturers and Traders Motor
Vehicle Registration Information System. Data
were also obtained from CDL relating to the
mileage of a vehicle at its last annual MOT
(technical) inspection test. The mileage and the
date of inspection for passenger cars and Light
Commercial Vehicles (LCV, N1 Type Approval
category) greater than three years old was avail-
able (vehicles less than three years old are not
required to undertake an annual MOT inspec-
tion). Although the recorded mileage is that at
the time of the MOT inspection, rather than
the actual time of measurement, the mismatch
in MOT date and measurement date is small (<
12 months in all cases).
Measurement locations and vehi-
cles
Vehicle emission RS surveys were conducted at
37 sites across 14 regions in the United King-
dom between 2017 and 2020. Further details
of the measurements locations can be found in
Table S2. A total of 318,248 valid NH3 mea-
surements were collected, of which 124,668 and
110,109 were gasoline and diesel passenger cars,
respectively. Data from approximately 200 ve-
hicle manufacturers were recorded. For safety
reasons, and to ensure the spectroscopic mea-
surements were valid, surveys were carried out
on weekdays during daylight hours (0800 – 1800
h) apart from during periods of rain. Ambient
temperature during the surveys ranged from −1
to 29 ◦ C, with a mean temperature of 14 ◦ C
and covering over 98% of air temperature con-
ditions experienced (for example) in London.
The mean vehicle speed for valid passenger car
measurements was 35.3 km h−1 with a standard
deviation of 9.7 km h−1.
While the vehicle emission remote sensing mea-
surements contain valuable information on the
emissions of different types of vehicle, the data
also provides important information that can
be used as the basis to calculate total UK emis-
sions. For example, the recorded mileage (from
the annual technical inspection) of over 200,000
vehicles provides a robust way in which to quan-
tify total annual mileage by fuel type, Euro
standard and so on. The counts of vehicles from
the measurement surveys, which are conducted
over a wide range of urban areas in the UK (Ta-
ble S2), provide a direct measurement of the
relative share of distance vehicles drive under
urban driving conditions. The latter measure-
ment is of direct relevance for estimating the
share of vehicle km driven by fuel type and also
accounts for the lower annual mileages of older
vehicles.
Methods to estimate total vehicu-
lar NH3 emissions
There are two main approaches used in the com-
pilation of emission inventories, referred to as
‘top-down’ and ‘bottom-up’. The top-down ap-
proach typically starts with quantities such as
total fuel use at a national level, which is then
apportioned to smaller geographic scales. In the
bottom-up approach, data are generally used at
a local scale and then aggregated to a national
scale. For example, emission factors for individ-
ual vehicle types can be combined with activity
data such as annual vehicle km, together with
some account of driving conditions, to derive a
total annual emission. Both approaches have
merit and often the approach used is determined
by the availability of data. In inventories such as
the UK NAEI, the top-down approach is used to
estimate emissions at finer spatial scales down
to 1 km2. However, a bottom-up approach has
the advantage of providing a way in which to
calculate emissions at sub-national scales e.g.
urban areas, which is a characteristic exploited
in this work.
The combined use of top-down and bottom-up
approaches can provide an effective means of
inventory verification and a check on whether
there is consistency between two different meth-
ods to estimate the same quantity. The effec-
tiveness of using the two approaches in quanti-
fying emissions totals depends on the pollutant
and emission sector in question. In the current
context, the focus is on gasoline emissions of
NH3. The top-down approach starts with an
estimate of total UK gasoline fuel sales, which
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is a quantity known to high accuracy. The ad-
vantage of considering vehicular gasoline is that
its use is strongly dominated by a single sector
of passenger cars, accounting for 97% of UK
vehicular fuel consumption, with minor contri-
butions from gasoline use in motorcycles and
LCVs.17 Conversely, diesel fuel is used in a wide
range of vehicle types (e.g. passenger cars, LCVs
and heavy duty vehicles). Considering emissions
from diesel vehicles therefore includes an extra
step of allocating total fuel sales between types
of vehicle, which introduces additional uncer-
tainty.
In reality, there can be considerable differences
between top-down and bottom-up estimates.
Trombetti et al. 18 for example, showed that sub-
stantial differences in terms of total emissions,
sectorial emission shares and spatial distribu-
tion exist between the top-down and bottom-up
datasets. Similarly, Pallavidino et al. 19 observed
large differences between the two methods for a
region in Italy, finding that differences in the ve-
hicle fleet and vehicle mileages had an important
impact on the outcome of emission estimates.
Ideally, the comparison between the top-down
and bottom-up approaches would result in the
same estimate of total emissions of NH3 at a
UK national scale. Importantly, it would be
hoped that the two methods would also yield
similar estimates of total fuel consumed and
CO2 emissions. The latter point is important
in terms of energy and carbon balance. Given
the number of steps and data sources used in
these calculations (particularly the bottom-up
approach), there are numerous potential sources
of discrepancies that can affect the similarity of
emission estimates between the two methods.
Top-down estimate
An overview of the top-down calculation is
shown by the series of purple shaded boxes in
Figure 1. The top-down estimate of NH3 emis-
sions from gasoline passenger cars begins with
a calculation of annual fuel consumption, which
is based on total annual fuel sales data provided
in the Digest of UK Energy Statistics.20 This
data set is published on an annual basis by the
Department for Business, Energy and Industrial
Strategy. A small correction is made for con-
sumption by off-road vehicles and fuel consumed
by the Crown Dependencies. In 2018, it was
estimated that 3.8% of gasoline was consumed
by inland waterways and off-road vehicles and
machinery, and 0.5% was used in the Crown
Dependencies.21 A further adjustment is made
to account for the fact that a minor fraction
(approximately 3%) of the gasoline sold is used
by motorcycles and gasoline LCVs, rather than
passenger cars.17
The estimate of the annual mass of gasoline
used by passenger cars can be combined with
NH3 remote sensing measurements to generate
a top-down estimate of total annual UK NH3
emissions from gasoline passenger cars (ENH3),
as shown in Equation 1. The annual mass of
gasoline used by passenger cars is represented
by m (kg) and is multiplied by 3.135 to convert
to the kg of CO2 produced per kg of gasoline.
This value is based on a review of the value for
the carbon content of petrol used in the UK,
provided by the UK Petroleum Industry Asso-
ciation, which states that the carbon content
of gasoline is 855 gC/kg fuel.21,22 To account
for additional CO2 produced from bioethanol
blended with gasoline, the mass of CO2 is mul-
tiplied by 1.032. This is necessary because the
fuel sales figures represent the fossil fuel compo-
nent only and do not account for the fact that
gasoline in the UK contains up to 5% bioethanol
by volume. In 2018, UK gasoline consisted of
4.6% of bioethanol on average.20 The uplift of
CO2 emissions as a result is 3.2%, which is de-
rived by multiplying the bioethanol/gasoline
ratio (4.6/95.4) by the ratio of fuel CO2 emis-
sions (kg) per litre of bioethanol and gasoline
(1.52/2.314).23 NH3/CO2 is the average molar
ratio from remote sensing measurements of gaso-
line passenger cars and MNH3 and MCO2 are the
molar masses (kg mol−1) of NH3 and CO2 re-
spectively. The uncertainty of the NH3 emission
estimate is calculated by determining the 95%
confidence interval of the molar NH3/CO2 ratio,
and multiplying the upper and lower ratio limits
5
Figure 1: A flowchart showing the series of steps to calculate annual UK NH3 emissions from remote
sensing and external data sets, through both bottom-up (green) and top-down (purple) approaches.
EF stands for Emission Factor and GAM for Generalised Additive Model.









A summary of the bottom-up estimates of to-
tal UK emissions of CO2 and NH3 is shown by
the series of green shaded boxes in Figure 1
and starts with the 235,000 gasoline and diesel
passenger car remote sensing measurements. A
detailed vehicle-power based method is applied
to express the emissions in g km−1 over a whole
drive cycle. Comprehensive 1-Hz real driving
data covering a wide range of conditions includ-
ing urban, rural and motorway driving is used
as the basis of calculating mean emissions for
all vehicles over a wide range of driving condi-
tions. Total UK emissions are then calculated
using UK total vehicle km statistics for urban,
rural and motorway driving. The methodology
for calculating distance-specific emission factors
from vehicle emission remote sensing data is de-
scribed in detail in Davison et al. 24 but is briefly
outlined here.
First, total engine power demand is deter-
mined using a physics-based approach, calcu-
lating the total power demand on the vehicle
engine as the sum of the power to accelerate the
vehicle, overcome both rolling and air resistance,
climb the road gradient and power any auxil-
iary devices, with an appreciation for losses in
the transmission. Vehicle Specific Power (V SP )
in kW t−1 can then be calculated through di-
vision by vehicle mass. A vehicle power-based
approach is used in preference to commonly
used emission factor approaches that use average
speed because of the much stronger relationship
between vehicle power demand and emission (in-
cluding CO2 and air pollutants) compared with
average speed, which we demonstrate later. A
power-based approach also accounts for impor-
tant driving conditions such as the strength and
frequency of accelerations, vehicle idling and
road gradient.
Vehicle mass was assumed to be the kerb
weight (available from the the vehicle technical
data) with an additional 150 kg to account for
driver or passenger weight. As none of the road
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load or aerodynamic drag coefficients are known
on an individual vehicle basis, generic values pro-
vided in Davison et al. 24 were used. A simple
scheme for this approach is given in Equation 2,
where Px is the power demand from source x in
kW, Ftrans is a dimensionless adjustment factor
to account for losses in the transmission, and
Mv is the mass of the vehicle in tonnes.
V SP =
(Paccel + Pgradient + Proad + Pair) × Ftrans + Pauxiliary
Mv
(2)
Fuel consumption is calculated based on the
linear relationship with V SP derived from the
Passenger Car and Heavy Duty Emissions Model
(PHEM)25. As these parameters were based on
Euro 5 and 6 vehicles, fuel consumption for
Euro 3 and 4 vehicles were increased by 5% to
approximate poorer fuel efficiency. With fuel
consumption, it is straightforward to calculate
a time-specific emission factor ( g s−1) from a
fuel-specific one ( g kg−1) through multiplication
by fuel consumption in kg s−1.
Generalised Additive Models (GAMs) were
then fit using the mgcv R package26 to relate
time-specific emission factors (in g s−1) to VSP
in order to map remote sensing measurements
to drive cycles. 1Hz Real Driving Emissions
(RDE) tests from Portable Emission Measure-
ment System (PEMS) measurements undertaken
by the UK Department for Transport in 201627
were used. In total 58 RDE tests of lengths
between 70.4 and 78.1 km were used — a total
of 4243 km of real world driving. These tests
aim to represent ‘real driving’ conditions and
cover urban, rural and motorway driving con-
ditions. The maximum VSP value across these
drive cycles was 37.2 kW t−1 (corresponding
to the 99.3rd percentile of remote sensing mea-
surements). GAMs were fitted between 0 and
40 kW t−1, and emissions from negative VSPs
were assumed to be zero. A small correction was
made for gasoline hybrid cars, which accounted
for 4.6% of the gasoline fleet in 2018 based on
the remote sensing data. It was assumed that
their fuel economy is 70% that of a standard
gasoline-equivalent vehicle i.e. they emit 30%
less CO2 and ammonia than their conventional
counterparts.
With 1 Hz modelled time-specific emissions,
distance-specific emission factors ( g km−1) can
be calculated by summing all of the time-specific
emission factors across the drive cycle and di-
viding by the total distance. The final distance-
specific factor was taken to be the mean of all of
the factors from each drive cycle. The outcome
of this approach is an emission factor based on
remote sensing measurements which reflects a
wide range of real driving conditions. Distance-
specific emission factors calculated for different
combinations of fuel type and Euro standard
can then be made to calculate a bottom-up es-
timation through multiplication with UK-wide
mileage data. The associated uncertainty for
the bottom-up NH3 estimation is based on the
95% confidence interval of the fuel-based emis-
sion factors. The upper and lower limits can
be expressed as a percentage of the mean, ap-
plied to the distance-based emission factors, and
multiplied by the appropriate mileage data. Es-
timates of the total distance travelled by UK
passenger cars per annum was obtained from a
publicly available government database.28
The government data does not apportion the
vehicle mileage into different fuel types or Euro
classes, but adjustments for both of these fac-
tors can be made through information contained
within the remote sensing data itself. Vehicle
emission remote sensing is an effective way to
capture not only the emissions of the fleet, but
also its composition. For example, the data set
used contains measurements of individual vehi-
cle mileage, and indicates that the average diesel
car has a mileage 1.32 times higher than the av-
erage gasoline car. The total mileage data was
therefore split in a 1:1.32 ratio between gasoline
and diesel respectively. However, the number
of gasoline cars measured in the remote sensing
data was 1.11 times greater than the number of
diesel cars. Therefore, even though diesel cars
drive further than gasoline cars overall, gasoline
cars drive further in urban areas. As the remote
sensing measurements were made predominantly
in urban areas, this number of vehicles can be
used to identify the ratio of urban mileage be-
tween the two fuel types. The urban mileage
data was split in a 1.11:1 ratio between gasoline
and diesel, and then the rural and motorway
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portions adjusted equally such that the total
mileage for each fuel type was equal to the pre-
viously apportioned total annual mileage that
includes urban, rural and motorway driving.
Apportionment into Euro classes was more
straightforward. In 2018, 28.5% of passenger
cars measured were Euro 6, 34.5% Euro 5, 23.4%
Euro 4, 12.2% Euro 3 and 1.4% Euro 2. These
proportions were used to partition the vehicle
mileage for each of the combinations of fuel type
and driving condition into Euro Classifications.
The fully apportioned mileages are provided in
Table S3.
Results and discussion
Total UK NH3 estimates
In 2018, 11.1 Mt of gasoline was consumed by
road vehicles in the UK.29 This value is based
on total annual fuel sales data provided in the
Digest of UK Energy Statistics and is corrected
for consumption by off-road vehicles and Crown
Dependencies. Assuming that passenger cars
account for 97% of total UK vehicular gaso-
line consumption,17 this equates to 10.8 Mt of
gasoline or 34.8 Mt of CO2 for passenger cars
(including an adjustment for CO2 produced from
bioethanol blended with gasoline). The average
molar NH3/CO2 ratio for gasoline cars measured
by RS was equal to 6.03×10−4 ± 7.6×10−6. Us-
ing Equation 1, this leads to a top-down estimate
of 8.1 ± 0.1 kt of NH3 emitted from gasoline
passenger cars in 2018.
At first glance, use of the average NH3/CO2
ratio from remote sensing measurements to de-
rive UK annual NH3 emissions from gasoline
cars may seem like a gross oversimplification.
However, this ratio is surprisingly comprehen-
sive, as it originates from nearly 125,000 RS
measurements of gasoline passenger cars and
encompasses the broad range of vehicle physical
characteristics and driving conditions encoun-
tered in the real world. For instance, the average
ratio is already scaled according to the mix of
Euro classes and vehicle manufacturers in the
existing fleet. Furthermore, the ratio accounts
for the amount of vehicle km driven and reflects
the condition, or state of repair, of the vehicles
on UK roads in 2018.
The results from the analysis of remote sensing
data and the output from the emissions model
show that in common with many other pollu-
tants such as NOx, NH3 emissions are strongly
influenced by driving conditions. Figure 2 shows
how CO2 and NH3 vary with engine power, ex-
pressed as VSP. Analysis of variance testing
on the fitted GAMs used for the bottom-up es-
timates confirmed that VSP was a significant
predictor (P < 0.05) for CO2 and NH3 g s−1 in
all cases for Euro 2–6 gasoline and Euro 6 diesel
passenger cars. In the case of CO2, there is a
close to linear relationship between VSP and
emission, which shows the benefit of expressing
emissions as a function of vehicle power demand
rather than other metrics such as vehicle speed.
NH3 emissions also have a strong relationship
with VSP, with increasing emissions for older
Euro standard vehicles.
Gasoline
Figure 2: Generalised Additive Models (GAMs)
relating passenger car CO2 g s−1 and NH3
mg s−1 to VSP, labelled by Euro classification
and fuel type. The shading shows the standard
error of the GAM fit.
The calculated distance-specific CO2 and NH3
emissions factors for UK passenger cars are pro-
vided in Figure 3. The g kg−1 and g km−1 emis-
sion factors and their associated uncertainties,
categorised by fuel type and Euro classification,
can also be found in Tables S4 and S5. NH3
mg km−1 values are seen to decrease with in-
creasing Euro status in the case of the gasoline
passenger vehicles. The Euro 6 diesel mg km−1
values are roughly thirty times lower than the
equivalent Euro 6 gasoline values.
Multiplying each of the urban, rural and mo-
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Figure 3: Distance-specific emission factors for CO2 and NH3 emissions of gasoline and diesel
cars, disaggregated by Euro classification and driving condition. Factors are determined from the
predictions of GAMs relating g s−1 emission factors to VSP over a VSP-based drive cycle taken
from a real driving emissions test.
torway distance-specific emission factors by the
mileages shown in Table S3 and calculating the
total emission from the sum of these gives a
bottom-up estimate of 35.2 ± 0.3 Mt of CO2
and 7.8 ± 0.3 kt of NH3 in 2018 for gasoline
passenger cars. The bottom-up estimate of NH3
emissions compares very well with the top-down
estimate of 8.1 ± 0.1 kt. Importantly the 35.2
Mt CO2 from the bottom-up approach is in
excellent agreement with the top-down of 34.8
Mt, which is derived from total UK gasoline
fuel sales and is a quantity known to high accu-
racy. Given the number of steps involved in the
bottom-up calculations, the agreement with the
top-down approach is very encouraging and pro-
vides some confidence that the method achieves
fuel / carbon balance at a national level. It
also provides confidence the estimated emissions
of NH3 are not biased because the total fuel
consumed differs from the national total.
The remote sensing measurements suggest
diesel passenger cars only make a minor contri-
bution to total passenger car emissions of NH3.
Pre-Euro 6 diesel cars effectively have zero NH3
emissions. The bottom-up estimate for the Euro
6 diesel passenger cars is 11.6 ± 0.1 Mt of CO2
and 65 ± 30 t of NH3 (about 0.8% of the total
NH3 emissions of the gasoline passenger cars).
The contribution from diesel passenger cars is
dominated by SCR-equipped vehicles with only
a minor contribution from vehicles using a Lean
NOx Trap (LNT).
Comparison with the UK national
inventory
The comprehensive measurements and analy-
sis that underpin the current work consider-
ably strengthen the evidence base of NH3 emis-
sions from passenger cars. The NAEI calcu-
lates NH3 emissions for the UK using emission
factors for NH3 from COPERT 5, a software
program used for the calculation of air pollu-
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tant emissions from road transport. The emis-
sion factors are based on the recommendation
of the EMEP/EEA Emission Inventory Guide-
book. For gasoline cars, the COPERT emission
factors for NH3 are provided for different Euro
standards and driving conditions (urban, rural
and highway), with adjustment factors that take
into account vehicle mileage and fuel sulphur
content. The emission factors are derived from
reviews of literature data collected from stud-
ies around the world undertaken in 2005 and
2014.30,31
However, the evidence from literature is lim-
ited and the emission factors developed do not
necessarily represent the current UK fleet. For
Euro 5 and 6 gasoline passenger cars, the derived
emission factors are based on chassis dynamome-
ter test cycle measurements from fewer than 30
vehicles, for which limited information on af-
tertreatment technology is provided. The data
used to derive NH3 emission factors for Euro 5
and 6 diesel vehicles is sparse and is based on
measurements from 1 passenger car and 2 heavy
duty vehicles. As the majority of the studies
were carried out in the US, several assumptions
are needed to convert US vehicle technologies
into equivalent European based emission stan-
dards. The 2014 review of literature data high-
lights the need for more relevant testing, espe-
cially to assess the emissions for different driving
conditions (urban, rural and motorway) and the
impact of mileage on NH3 emissions.
Overall, we estimate that NH3 emissions from
gasoline passenger cars are a factor of 2.6 times
higher than is reported in the NAEI for total
UK emissions (7.8 ± 0.3 kt yr−1 compared with
3.0 ± 1.7 kt yr−1 for the national inventory).
However, as shown in Figure 3, emissions of
NH3 are higher under urban-type driving con-
ditions than rural or motorway driving. We
estimate that approximately 52% of the total
NH3 emissions from gasoline passenger cars can
be attributed to urban areas (the remaining 48%
is allocated to motorways and rural areas). The
52% value for the urban component compares
with 9% estimated by the NAEI. These results
therefore suggest that in urban areas, emissions
of NH3 from road vehicles are underestimated
by a factor of 17.
Implications
This study gives us a better insight into the
absolute value of NH3 estimate and the fraction
of vehicle NH3 in terms of the UK total, which
is important in terms of the air quality implica-
tions. The main findings that emissions of NH3
are considerably underestimated from road vehi-
cles in the UK likely also applies to most other
European countries that use COPERT emission
factors as a basis for national inventory devel-
opment. Another common approach for emis-
sion factor calculation is the HBEFA approach
(Hand Book on Emission Factors for Road Trans-
port).32 HBEFA however bases its NH3 emission
factors on COPERT and will therefore likely also
underestimate NH3 emissions from gasoline pas-
senger cars. It has however been recognised that
emissions of NH3 may be underestimated. In
the Netherlands for example, a review of emis-
sion factors for NH3 from passenger cars and
LCVs resulted in correction factors being devel-
oped that increased emissions, in part based on
earlier vehicle emission remote sensing measure-
ments.33,34
While the revised estimates of total passenger
car emissions of NH3 are more than double that
in the NAEI, the road transport contribution to
total UK NH3 is still small. For 2018, the NAEI
suggests that road transport NH3 contributed
only 1.6% of total UK emissions, whereas the
revised estimates in the current work would sug-
gest gasoline passenger cars contribute 2.8%.
However, as previously discussed, an important
characteristic of NH3 emissions from road vehi-
cles is that they are co-emitted with NOx, both
from road vehicles and other sources such as
domestic and commercial natural gas combus-
tion. Furthermore, the revised NH3 emission
estimates from road vehicles for urban areas are
about a factor of 17 higher than the UK national
inventory, suggesting that for the inventory both
total NH3 emissions — and importantly, the
amount of NH3 released in urban areas is sig-
nificantly underestimated. Such a considerable
increase in the absolute emissions of NH3 in ur-
ban areas could have important consequences
from an atmospheric chemistry perspective pro-
viding a more efficient route to PM2.5 formation.
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The quantification of significantly increased ur-
ban NH3 on PM2.5 formation would however
require detailed air quality modelling.
Currently in Europe, work is being undertaken
to develop what will become Euro 7/VII emis-
sions regulations.35 This work is considering the
development of emission limits for currently un-
regulated emissions including NH3, nitrous oxide
(N2O), methane and formaldehyde. However,
the emissions data for these species (especially
under real driving conditions) is considerably
more limited than is the case for NOx, CO and
total hydrocarbons. The development of the
RDE regulations where on-road testing is con-
ducted using PEMS in addition to laboratory
measurements should mitigate against any dis-
crepancies that have historically been important
between laboratory and on-road emissions per-
formance. However, it will be important for
the development of any Euro 7 legislation that
specific attention is paid to emissions under ur-
ban driving conditions to ensure effective per-
formance. The emission factors developed and
used in the current work for NH3 are therefore
timely and valuable.
Another important factor is the relative share
of gasoline and diesel fuel use in the light duty
vehicle fleet. The dieselgate36 scandal in Septem-
ber 2015 has strongly affected the sales of gaso-
line and diesel cars in the UK and Europe, with
a considerable increase in the sale of gasoline
vehicles at the expense of diesel. In 2015, there
was an even split between gasoline and diesel
new passenger car registrations. However, by
the first quarter of 2020 only 22% of new ve-
hicle passenger cars were diesel.37 This trend
has some potentially important implications for
NH3 emissions given the dominance of emissions
from gasoline vehicles. The increasing relative
share of gasoline vehicles in the fleet will tend
to further increase total UK emissions of NH3.
Moreover, these vehicles will remain in the fleet
for many years to come, and as they age, NH3
emissions will likely increase further.
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